that the transport or exchange of materials between blood in the capillaries and the surrounding ,tissues may be limited by the blood supply to the capillary bed as well as by the permeability of the capihary walls and tissues (I, 2) . Experimental analysis of the relation between blood supply and blood-tissue transport has been restricted largely to those instances in which transport has been entirely blood flow limited, or very nearly so, in which case transport is simply equal to supply (3-5). The more general case, in which both blood flow and diffusibility determine the rate of capillarytissue transport has been considered theoretically first by 'Kety (3) and later by others (2, 6), this author among them (7). However, experimental studies of transcapillary exchange in systems simple enough to permit crucial testing of a particular hypothesis are extremely rare. The present work was undertaken to develop a simple and straightforward method of measuring the rate of transport of a substance from blood to tissue in a single organ, and to use this method to test the theory relating blood flow and transcapillary diffusion previously advanced by the author (7).
Blood-tissue transport of radioactive K42 was measured by an adaptation of the well-known Fick principle in an isolated, surviving mammalian skeletal muscle, the vascular bed of which was perfused at carefully controlled and measured rates with blood containing a constant quantity of K 42. The use of K42 as a test solute satisfied two conditions necessary for the present study+ u) Potassium is very rapidly transported across cell membranes in mammalian muscles (8, g) and therefore ceI1 membrane transport is eliminated as a possible rate-limiting factor.
6) The amount of intracellular potassium in muscle is so great, compared with that present in plasma, that an almost infinite 'sink' is provided for the K42 which escapes from the capillaries, thereby minimizing backdiffusion.
In both respects, the use of K& for studying transcaplllary exchange is exactly analogous to the use of carbon monoxide in the measurement of transalveolar diffusion in the lungs.
METHODS
General. Gracilis or gastrocnemius muscles of dogs anesthetized with pentobarbital were isolated from all nervous and vascular connections (I o, I I) and perfused with heparinized blood obtained from the same dog. The perfusion apparatus was designed to supply blood of fixed composition at 37OC to the artery of the muscle under pulsating pressure (7). Mean arterial pressure could be set at any desired level. Venous blood drained from a single vein leaving the muscle at atmospheric pressure was collected in graduated tubes the filling of which was timed to measure mean blood flow. Blood flow was also monitored with a recording drop counter. To preserve the constant composition of arterial blood, no venous blood was returned to the perfusion reservoir. After a steady blood flow had been established in each experiment, a trace amount of K42 was added to the blood in the reservoir of the perfusion apparatus and mixed well with it. Since uptake of K@ by dog erythrocytes is extremely slow (12, I 3), all K4 activity was considered to remain in the plasma. On its way to the artery supplying the muscle, the blood flowed through a loop of thin polyethylene tubing around a G-M tube which measured arterial blood radioactivity.
An identical counter measured the activity of venous blood before it was collected. Arterial and venous blood activity were re- in several experiments after dilute nitric acid digestion of the entire dried, fat-free muscle. c) Total muscle weight was measured at the end of each experiment. The coarsely minced muscle was then dried to constant weight at gj"C to determine its water content, and the dry residue extracted with ether at room temperature to estimate total neutral fat. To determine whether any edema was produced during perfusion, the corresponding muscle from the opposite leg was taken as a control, and its water and fat content measured as above. The difference between their calculated fat-free wet weights on a percentage basis was taken as an estimate of edema formed. The best preparations showed no edema at the end of the experiment, but the majority had a water content about 5 % greater than the controls. No variations were observed in the results which could he correlated with edema formation. The composition of these muscles with respect to water, dry figure. )
The venous radioactivity record lags behind the flow record due to the dead space of the cannulae-and chambers.
solids, neutral fat and total potassium was closely to the control values published by Eichelberger, and Roma ( I 5). All muscle weights given refer to wet weight corrected for any edema formation. in an experiment at constant blood flow. After addition of K42 to the reservoir as indicated arterial radioactivity remained constant (allowing for spontaneous decay). The venous curve shows two phases. r) A transient phase which appears to represent the washing out of nonradioactive blood present in the vascular bed and in the dead space of the connections at the moment the tracer was added, and its replacement with blood containing K42. 2) An almost level plateau which indicates nearly constant removal of K42 from the blood stream over the course of many minutes. A slight upward slope of the plateau is evident in this experiment, but the extraction of K42 from the blood was diminished by only 7 % in 40 minutes. Discicssiun. Because the slope of the plateau is so slight, we may for present purposes consider the second phase as a close approximation to a steady state with respect to K42 transport.
Under these circumstances, the removal of tracer from the blood may be expressed in terms of its fractional extraction (E) . This term is analogous to the concept of renal clearance, and may be imagined as that quantity of blood from which the K42 is completely removed in a unit of time. In the experiment illustrated, the extraction was 60 %, and thus capillary clearance is 60 % of the prevailing blood flow or 0.82 mI/min.
If it is assumed that the physiological properties of K42 are identical to those of the ordinary isotopes of potassium, the total quantity of potassium transported from blood to tissue per unit time (K+ influx) will be equal to the K42 clearance multiplied by the concentration of exchangeable potassium in the blood Since the erythrocyte K+ is only slowly exchanged with that of the plasma, the following expression holds :
where C is the capilIary clearance of K42 in terms of whole blood. If arterial and venous plasma potassium concentrations are equal, K+ outflux equals K+ influx. If they are unequal, the outflux may be calculated from the measured net flux and influx. In most experiments, net gain or loss of K+ was very small compared to the unidirectional fluxes.
It is evident in figure I A that the venous level of K42 In these equations the expression E'S, the 'permeabihtysurface area product', replaced the symbol P alone as used by the author in previous work (7). The present usage brings the definition of P into line with that usually given for a biological membrane (6). The dimensions of P are moles diffusing per unit time per unit concentration difference and per unit surface area (here, moles/min.
per mole/cm3 concentration difference per cm 2 membrane surface j . S represents the total capillary surface in 100 gm of muscle. The PS product has the dimensions of cm3/min/Ioo gm tissue and corresponds to the maximum capillary clearance possible for a given substance in a capillary bed of given permeability and surface area. At finite blood flows past this membrane, a clearance smaller than this maximum will be realized, as specified by equation 8. In the present form of this equation, the terms P and S always occur as a product, and are not individually separable." In figure 3 , a family of curves is drawn according to equation (8) showing theoretical clearance-flow relations for several arbitrary values of the produce PS. Against this background are plotted experimental K42 clearance measured in four representative experiments, including the one illustrated in figure I B and in table I. The experimental curves show a certain resemblance to the theoretical, but in all cases studied, the upward slope with increasing blood flow is steeper than predicted, The application of our simple schema to the capillary bed may still be substantially correct, if we imagine that the product E'S is not constant, but increases with in-3 In the case of a substance which accumulates in the tissues in appreciable amounts, q. 8 may still be applied if the term dialysance is substituted for clearance (see 16, 7 and eq. 2a, above).
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The selection of experiments in figure 3 shows the extent of variation observed in the relation between K42 clearance and blood flow in these experiments.
To some extent, the variability from preparation to preparation is associated with differences in the vascular tone of the muscles. The uppmost curve in the figure (e@. P-16) represents a rather widely vasodilated muscle, while the lowest (exp. P-26) represents one of the most vasoconstricted.. In They tend to approach the total PS product a) as total blood flow increases and b) as flow distribution becomes more nearly uniform.
If nonuniformity of circulation exists in the isolated gracilis and gastrocnemius muscles, as the data appear to indicate, the observed PS products will refer principally to transcapillary exchange in the well-circulated, nonshunting tissue compartment (cornpartment I in the table).
In view of the variability of the permeability-surface area product under different conditions, it seems necessary to consider the distribution of the total blood flow to the various parts of the capillary network. The schema described above applies strictly only to a uniformly perfused system of capillaries, that is, to one in which the volume flow in each vessel is proportional to the local PS product. In such a network, the total PS product will equal the sum of all local values. If circulation is not uniform, the over-all PS product will appear to be less than this sum. Nonuniform circulation may follow three basic patterns : I) arteriovenous shunting: a proportion of the blood passes through channels of very low (or zero) ES'. 2) A fixed part of the capillary bed representing a large fraction of total PS is perfused by only a small fraction of total blood flow. 3) A part of the capillary bed is poorly perfused as in the preceding; but as total blood flow increases, more and more of this part becomes well perfused due to the opening of arterioles which were initially closed.
The observations presented in this paper do not permit an objective choice to be made among the three patterns of nonuniform circulation considered above. However, on general grounds, arteriovenous shunting of a large fraction of total blood flow in skeletal muscle seems unlikely and the changes in effective RS attributable to a fixed nonuniform flow distribution are much smaller than those observed. Thus pattern (3), nonuniform distribution which varies with changes in blood flow or arterial pressure seems most likely. Furthermore, the observed correlation of PS with the state of vascular dilatation or constriction in different preparations can best be explained on the basis of opening and closing of parts of the capillary bed. This was essentially the conclusion reached in an earlier study of transcapillary diffusion kinetics in isolated hind legs of cats (7), although the heterogeneity of the hind leg tissues prevents direct comparison with the single muscles used in the present work.
All of these patterns will result in an increase of capillary clearance with increasing blood flow which is more rapid than predicted for a uniformly circulated tissue. For illustrative purposes, we shall imagine the vascular bed to be divided into two regions, I and II, with PS products and blood flows distributed according to each of the three patterns above, and compute the In the paper to follow ( I 7), it will be shown that tissue potassium in the perfused gracilis or gastrocnemius muscle must be represented as having at least two subdivisions with respect to ionic exchange with the blood. On the assumption that partition of total tissue K+ is a consequence of nonuniform distribution of capillary blood flow, more information about the nature of the nonuniformity will be presented. 
